The authors use a quantitative modelling framework to describe and explore the features of the biology of tsetse flies (Glossina spp.) 
INTRODUCTION
In this article, tsetse flies (Glossina spp.) are examined as vectors of the human and animal trypanosomiases in Africa. The discussion is based on a standard equation for the transmission of vector-borne diseases and explores the biological significance of each of the variables and parameters involved for the particular case of the African trypanosomiases. This limitation of the discussion purposely excludes many fascinating details of tsetse biology which, although intriguing to entomologists, are irrelevant to the problems of the diseases transmitted by tsetse. Equations such as that which is employed here, however, do not take into account either spatial or temporal variation in disease transmission, and these topics are dealt with separately. The importance of spatial variation is highlighted by reference to standardised data sets, collected through grid-based sampling methods which have only recently been applied to the problems of tsetse and trypanosomiasis in Africa. These ground-collected data sets can now be complemented with information derived from remote-sensing satellites, which provide extensive yet uniform views of terrestrial vegetation cover and other surface characteristics. In combination, the standardised ground and satellite data sets, analysed using a variety of multivariate techniques, provide challenging insights into the relationships between vectors, hosts, habitats and disease agents, and allow both the identification of current problem areas and a prediction of the importance of tsetsetransmitted diseases in proposed development areas. However, care must be exercised in extending, in both time and space, the understanding gained by analysis of contemporary and coincident data sets.
Finally, modern methods for the control of tsetse are reviewed, leading to the conclusion that predictive modelling of disease risk areas can make a valuable contribution to cost-efficient and effective fly control.
AN OVERVIEW OF THE PROBLEM OF TSETSE AND TRYPANOSOMIASIS IN AFRICA
Tsetse are a small group of specialised flies (Diptera: Cyclorrhapha: Glossinidae) which are now restricted to tropical Africa. Adults of the 23 extant species and eight subspecies range in length from approximately 6 mm to 15 mm, and are generally dull yellow, pale brown or dark brown in colour, with occasional black markings. Tsetse are remarkable for their viviparity, females producing one, fully-grown larva approximately every 8-10 days. Larvae are deposited in shady places and usually burrow a short distance into the soil where they pupariate within a few minutes and complete development to the adult stage in approximately three weeks. Adults newly emerged from the puparia are soft to the touch and referred to as 'teneral', a stage which ends with the first blood meal. For nutrition, both male and female tsetse rely solely on vertebrate blood, which is taken in via the stylet-like proboscis. The nutritional imbalance of vertebrate blood means that a considerable proportion of the energy of each blood meal is devoted to transforming the meal into lipids ('fat'), which form the metabolic reserves of the fly (14, 15) . These reserves are used for general metabolism and other activities, with an emphasis on flight in males and reproduction in females (121, 139) . Flies live independently of their vertebrate hosts, except during the short periods of contact required for blood feeding, and are thus likely to encounter a variety of host individuals and/or species during their life-long quest for food. This factor, together with the fact that female flies must live for a long period of time if they are to maximise the low reproductive output rate, makes tsetse flies ideal vectors of the African trypanosomiases.
Dependence on shade restricts the distribution of tsetse to areas with at least some tree cover, and different Glossina spp. have different habitat requirements for survival. The (probably) ancestral fusca group species are mainly forest-dwelling and consequently have little epidemiological significance (79) . Palpalis group species generally inhabit forests and riverine-forest habitats, but some species, such as Glossina tachinoides Westwood, survive in otherwise very dry areas. Finally, morsitans group species are found in woodland savannah habitats where, traditionally, both humans and domestic animals are also most abundant. At certain human population levels, the abundance of these flies and their catholic feeding habits make the morsitans group species of particular importance in the transmission of both human and animal trypanosomiasis. However, as human population pressure increases, morsitans group flies tend to disappear; palpalis group species may continue to play a vector role in such areas, although they are less efficient transmitters of the cattle trypanosomiases. Tsetse distribution in Africa was mapped by Ford and Katondo (38) . Recent information on the present distribution of tsetse and on host ranges as determined by blood meal identification for the period 1953-1991 is given by Moloo (92) .
The African trypanosomiases of economic importance also fall into three major groups (59, 93) . Trypanosoma (Duttonella) vivax Ziemann and Trypanosoma (Nannomonas) congolense Broden occur in many wild animal species and can cause anaemia, production losses, abortion and mortality in domestic herds. The impact of these trypanosomes depends on the type of stock involved. The physically smaller races of cattle centred on West Africa (Bos taurus L. type, e.g. N'Dama, Somba, Muturu, Lagune, etc.) show the least pronounced effects of trypanosome infection and are described as 'trypanotolerant'. Undoubtedly, however, they are affected by trypanosomiasis in the same way as other cattle races (113, 158) , but at higher levels of trypanosome challenge. The more abundant zebu races (Bos indicus L.) are generally described as 'trypano-susceptible', but nevertheless show a greater degree of resistance to infection than introduced or exotic animals (102) . A range of trypanotolerance therefore seems to exist in the various cattle stocks in Africa, each stock having a different history of introduction to, and distribution within the continent (99) . Coupled with this is a complex of associated features of the different cattle races in terms of drought resistance and susceptibility to a whole range of other diseases, a reflection of the great variety of habitats and conditions throughout the continent (157) .
The wide distribution of the animal trypanosomiases in Africa, and their severe impact on animal production and agricultural production systems, make these diseases among the most important constraints on many economic activities of the agricultural sector in much of sub-Saharan Africa, an area of approximately 10 million km 2 (33, 97) . Losses are generally so severe that they preclude the keeping of zebu stock in most tsetse areas.
The third important trypanosome, Trypanosoma (Trypanozoon) brucei Plimmer and Bradford, is widespread in the same hosts as the other two trypanosome species, but is usually less pathogenic to cattle. Only two strains of T. brucei infect humans, namely T. b. gambiense Dutton in West Africa and T. b. rhodesiense in East Africa; these species cause Gambian and Rhodesian sleeping sickness respectively, both of which are generally fatal unless treated. Rhodesian sleeping sickness (occurring in East and Southern Africa) is often epidemic, while Gambian sleeping sickness (occurring throughout the moister parts of West and Central Africa) is usually endemic, with occasional epidemic outbreaks in relatively drier areas where disease symptoms can be much more like those of the East African disease (31) . Sleeping sickness affects approximately 25,000 to 50,000 people per year in Africa, and cases tend to be restricted to relatively small geographical foci within the total range of tsetse flies. Although sleeping sickness is relatively uncommon compared with other human diseases in Africa, recent studies suggest that it ranks third in economic importance (after malaria and schistosomiasis) of all vector-borne human diseases in the countries concerned (180) . Continual surveillance is necessary due to the ability of sleeping sickness to recrudesce in areas from which the infection was thought to have been cleared (26) . Part of the reason for this is the zoonotic nature of the disease, even in West Africa where the existence of non-human reservoirs was at first doubted but is now generally accepted (53, 64) .
FLY SAMPLING
As tsetse are attracted to a wide range of vertebrate species (including humans) in their quest for food, it is relatively easy to capture flies with modified entomological hand-nets, and this became one of the first methods of sampling flies. In order to standardise catches further, fly sampling was regularly performed over set paths through the bush, with a constant number of fly catchers and recorders stopping at fixed intervals to catch approaching flies ('fly-rounds'). It quickly became obvious, however, that fly-round sampling using human baits yielded catch rates which were unrepresentative of the species, absolute abundance, sex ratio and nutritional condition of the population of flies in any area. Nevertheless, the method did appear to give reasonable relative estimates of fly population size [confirmed in the case of
G. morsitans
Westwood by Jackson (61)], and could therefore be used to monitor seasonal and longer-term changes in relative fly abundance. Despite the obvious limitations, fly-round studies were initiated in both West and East Africa and provided most of the current insight into both the morsitans and palpalis groups during the early decades of this century. Modifications to this basic approach included taking an ox on the fly-round or carrying a black cloth screen between the fly-catchers; both modifications increased the catches of species not readily attracted by man alone.
These hand-net studies of tsetse developed in parallel with stationary traps. Many early designs aimed at mimicking some visual feature of tsetse hosts, such as size or shape [e.g. (96) ], but this approach produced traps which were too bulky for routine field sampling. Nevertheless, much early information on species not usually attracted by humans (such as G. pallidipes Austen and G. longipennis Corti) came from trapping studies. Trapping was revolutionised in the 1970s by the invention of a lightweight, collapsible bi-conical trap (18) which, after much initial success with palpalis group species, was also applied to other species including morsitans group flies. The great success of this trap in catching flies, and the modest cost, increased the possibility that traps alone might be used to suppress fly populations; this approach was tested successfully in Central Africa (24, 48, 70) . As with fly-round sampling, the relationship between real fly population abundance and trap catches has only rarely been investigated, although results suggest a simple linear relationship between these two variables (8) .
A number of early studies had suggested that tsetse are attracted by host odours, dung or urine (19, 20) and by the smell of the hessian cloth sometimes used in trap construction (45) . Little attention was paid to these results until Vale began a series of elegant experiments which showed quite clearly that host odours are important in host location by G. morsitans and G. pallidipes, and that the use of odours can increase the catches of flies around visual targets (160, 164, 165, 166) . These studies were strengthened by the use of electricified netting which allowed the manipulation of natural host odours and visual cues in the absence of human observers, thus also revealing that certain species of flies are repelled by humans (163, 167) . Field studies on host odours and electric traps (10) , combined with studies on tsetse antennal responses to odour components (7, 114, 115, 116, 148, 152) , and on the activity and orientation of flies to these odours in wind tunnels (13, 117, 172) , led to the production of both efficient odour baits for flies and modified designs of fly traps (74) . Unfortunately, very few of the identified odours, except carbon dioxide, have as pronounced an effect on trap catches of palpalis group tsetse as on the morsitans group (68, 88, 101, 150) .
Odour baits increase trap catches of all segments of the fly population, but often differentially. Flies with relatively high fat contents are scarce in unbaited catches but proportionally more common in baited-trap catches (123, 124, 125) . This occurs either because the odour baits stimulate flight activity in a higher proportion of high-fat content flies, or because the baits increase the tendency of such flies to enter the traps.
At present, therefore, a series of trap designs exists which -in combination with odour baits for morsitans group flies -can increase fly catches many-fold in comparison with earlier trap designs, thus increasing the prospects of fly control (22) . The problems of sampling biases remain, however, and these problems must be tackled soon if the considerable advances in the ability to catch flies and the understanding of fly behaviour are to be used not only for the suppression of fly populations but also for the study of tsetse population dynamics.
One final comment may be made on this subject. During the evolution of tsetse trapping methods, the traps have been made to look less and less like the wild animal hosts of the flies, but to smell more and more like them (98) . Some advantage may be gained by exploring anew the visual attractiveness of traps to flies, by introducing modifications to make the traps, once again, rather more host-like in appearance.
TRYPANOSOME TRANSMISSION DYNAMICS
A number of mathematical models, both simulation (54, 55) and analytical (91, 134) , have been proposed to describe the African trypanosomiases. The analytical models are derived ultimately from a formulation familiar to malariologists, the Macdonald model (81), a modified version of which is the 'vectorial capacity' equation first put forward by Garrett-Jones (40) . The equation used by Macdonald describes the number of new cases of a vector-borne disease which will arise at some time in the future from one case at the present time. This quantity -sometimes called the 'basic reproductive rate' of a disease (more correctly, the 'basic reproductive number'), R 0 -is defined as follows:
where a is the vector biting rate (i.e. the reciprocal of the feeding interval), m is the ratio of vectors to hosts, b and c are the coefficients of transmission from the vector to the vertebrate and vertebrate to vector respectively, u is the vector mortality rate, T is the incubation period within the vector and r is the rate of recovery of the infected vertebrate from infection. The following are well-established tenets of disease epidemiology: a) for the disease to persist, R 0 must be greater than 1.0; b) an increase in R 0 will increase the rate of disease spread after initial introduction in any area; c) to control the disease, R 0 must be reduced to less than 1.0; d) to eradicate the disease, R Q must be kept below 1.0 for a sufficient period of time for the disease to drive itself to extinction.
It is therefore necessary to examine each of the parameters and variables in equation 1 in some detail, in order to understand the maintenance and spread of trypanosomiasis.
Tsetse fly biting rates
Tsetse flies take blood meals at intervals of approximately 2-3 days in the hot season and possibly up to 6-7 days in the cool season. Flies begin to die of starvation when their fat reserves fall to about 6% of their total dry body mass. With inadequate food, female flies are more likely to abort and thus reduce their lifetime reproductive output.
The need to find food within a relatively short period of time has led to the evolution of efficient host-finding mechanisms in tsetse. While the vision of flies, like that of most arthropods, is rather limited (hosts can be detected at distances of up to 50 m), the studies referred to above (in the section entitled 'Fly sampling') clearly demonstrate the importance of odour in host location, at least for the morsitans group. The results are consistent with the hypothesis that the odour of a single ox operates over approximately twice the distance over which visual cues are effective (162) . Host detection occurs through a combination of upwind anemotaxis, a slowing of the rate of movement within odour plumes and a final, shorter-range visual orientation towards the host (50, 156, 165) . The attraction of hosts is size dependent, perhaps a function of the amount of certain odours, such as carbon dioxide, that they emit (160) . Despite this, many abundant host species -especially certain antelopes, such as the impala (Aepyceros melampus Lichtenstein) -are only rarely represented in the blood meals of captured flies. These hosts may be described as 'nervous' and can be seen to ripple their skin and flick their tails when attacked by flies, undoubtedly making feeding more hazardous for the flies. It has been suggested that such host reactions impose additional, feeding-related mortalities on tsetse flies (and other blood suckers), and that for this reason tsetse take blood meals as infrequently as possible, commensurate with fly survival. Simple mathematical models can be used to demonstrate that, over a rather wide range of values for feeding-related mortality (including that due to predators which gather around hosts and attack recently-fed flies), the optimum feeding interval for tsetse (i.e. the interval leading to maximum reproductive fitness of the flies) is approximately three days (126) . This figure coincides with the mean interval between blood meals which has been deduced from mark/release/recapture studies (43, 129) , from interpretation of the fat and/or residual blood meal contents of captured flies (121, 132) and from the frequency distributions of the calculated feeding times of females assigned to different days of the pregnancy cycle (125) . Of course, these are all indirect methods of estimating the mean interval between blood meals, and are still the subject of much discussion among entomologists (57) .
As flies feed on a wide range of hosts, and on some hosts more readily than on others, overall disease transmission rates depend on the precise composition of the choice of host species among local tsetse, the abundance of each host species, and its susceptibility to infection. Equation 1, in effect, must be written for each host species in turn, and the overall basic reproductive number of the tsetse-transmitted diseases is the sum of the reproductive numbers calculated separately for each host species. The biting rate on any particular host species may be calculated by multiplying the overall biting rate (i.e. the reciprocal of the average interval between blood meals on all hosts) by the proportion of blood meals which the flies take from that host species. Accurate estimation of this rate is important, as equation 1 shows that a doubling of the rate leads to a four-fold increase in the resultant R Q .
Vector and host abundance Equation 1 shows that disease transmission rates are determined by neither the abundance of tsetse nor the abundance of hosts per se, but by the ratio of these two values. Large populations of relatively mobile animals may be less satisfactory hosts for the flies (given the need for shade of both adult flies and puparia) than small populations of more sedentary species living in the same habitats as the flies. Classical studies of disease transmission foci confirm this impression. For example, a few sedentary and secretive bushbuck (Tragelaphus scriptus Pallas) present near human habitations may maintain trypanosomiasis long after most other wildlife species have disappeared or been eradicated (177) . Similarly, a very small population of tsetse flies in close and frequent association with humans and domestic animals (e.g. near watering points) may cause persistent disease problems out of all proportion to fly numbers (25, 39) . These observations, however, apply only to certain areas, and must not be allowed to obscure the general pattern of the normal relationship between fly abundance and disease risk shown in Figure 1 . In the large majority of areas in which both animal and human trypanosomiasis occur, a direct and linear relationship exists between disease risk and either tsetse numbers or 'tsetse challenge', which is a product of relative fly abundance (as measured by fly-rounds or standard trap catches) and fly infection rate (83, 133) . As fly infection rate tends to be a less variable component of fly challenge than fly abundance, it is the latter variable which requires more careful study. Reducing fly numbers by any method tends to lead to a proportional reduction in both human and animal trypanosomiasis (47, 49, 69, 95) . Figure 1 , taken together with equation 1, implies that the ratio of tsetse vectors to hosts increases as fly density increases (i.e. fly numbers are more variable than host numbers). The dynamics of tsetse fly populations result from the impact of abiotic (non living) and biotic (living) factors on the demographic rates of birth, death, immigration and emigration of the flies. In order to simplify studies, without losing too much detail, tsetse population models tend to ignore immigration and emigration and further assume that changes in birth rate, other than those associated with changes in mean temperature (which is known to affect birth rate directly by a change in the inter-larval period), can be expressed as an equivalent change in mortality. In studying fly population dynamics, it is important not only to quantify mortality rates but also to establish which of these rates depend on the density of the fly population. Only densitydependent rates can operate as 'negative feed-back' to regulate fly population size. The subtle but important difference between population regulation and population control is beyond the scope of this article, but this difference underpins much of the following discussion (131) .
The abiotic factors which affect tsetse mortality rates include temperature and atmospheric moisture acting on the adult fly (16, 142) , extremes of temperature (both high and low) causing puparia to metabolise all their fat reserves and die before Relationship between the daily probability of trypanosome infection (all species) of zebu cattle in East Africa and the tsetse challenge (the product of tsetse apparent density and infection rate) Sites were in Kenya (5,6 and 10), Uganda (2,3,4 and 8) and Tanzania (1 and 7). Site 1 is not included in the calculated regression for reasons given by the author in another paper, which contains further details (133) development is completed (11), and seasonal heavy rainfall which floods puparial sites. During seasonal periods of stress, females also produce smaller puparia, giving rise to under-sized adults with a higher mortality rate than normal-sized adults (28, 118) .
The biotic mortalities of tsetse arise from interactions with other tsetse of the same or different species, with hosts, and with parasites and predators. The first two factors tend to be related, as important interactions occur at or around hosts, resulting in density-dependent feeding success of the flies. For any given individual host, the chance of a fly obtaining a blood meal appears to be affected by the number of other flies present near the host and by the responses of the host to being fed upon. Hosts attempt to disturb or dislodge feeding flies more frequently as fly numbers increase (160); anaesthetised hosts, which show none of these responses, are fed upon more successfully than non-anaesthetised hosts (161) . Thus, as the ratio of flies to hosts increases, the chances of flies feeding decrease, possibly leading to an increase in fly mortality, although this has never been directly quantified. (133) Predation of both adult and puparial tsetse may be either density-dependent (128) or density-independent (143), apparently depending on the local concentrations of tsetse and the species of predators involved. Ants, especially those in the large genus Pheidole, removed up to 70% of buried G. fuscipes fuscipes Newstead puparia in Uganda over a period of 14 days (138), while unidentified bird predators removed up to the same percentage of adult flies on the vegetation within a period of 24 h. Less puparial predation occurred on G. pallidipes at Nguruman, in south-west Kenya, and there was no obvious sign of either adult or puparial prédation being density-dependent over the (lower) ranges of densities used. Nevertheless, the average density-independent puparial mortality recorded at Nguruman -when combined with the results of previous studies in this area on the natural mortality rates of adult flies (28) -indicated demographic balance in the population, suggesting that no important additional mortality was missing from the calculations (143) . This conclusion enables the construction of tsetse fly population models as an input into dynamic models of trypanosome transmission.
The basic minimum inputs into tsetse population models are temperature-dependent fertility and developmental rates, and abiotic and/or biotic mortalities operating on both soil-dwelling puparia and free-living adults. The models require a set of observations on the appropriate tsetse species in order to extract some measure of the seasonally-changing abiotic mortalities operating on the adults (the assumption that all mortality falls on the adults, rather than on the adults and puparia equally, does not qualitatively affect the outcome, as demonstrated by the models themselves) (130) . Given the seasonal variation in temperatures and adult abiotic mortality rates, the basic tsetse population model may then be adjusted by adding density dependence to the adult or puparial stages, and additional density independence to both adults and puparia (the latter acting essentially to scale the output). Both the threshold density at which density dependence comes into action and the rate at which it changes with density (i.e. the slope of the graph relating mortality to density) are adjusted until the model output shows seasonal variation and timing of seasonal population peaks which best describe the observed result (136) .
One might argue that very little may be gained from a modelling exercise in which many of the model inputs are derived from the data which the model seeks to describe. Experience shows, however, that model outputs are extremely sensitive to the characteristics of the density-dependent factors operating on the tsetse populations, and these have only rarely been quantified. The models may therefore be used to predict the degree of population regulation (i.e. density dependence) operating on tsetse species locally; thus, in turn, they may be used to predict the likely impact of control measures or environmental changes on fly numbers. The stronger the influence of regulatory mortality vis-à-vis density-disturbing (i.e. density-independent) mortality, the less significant will be the impact of any particular level of control or environmental change (131).
Figures 2 and 3 show some examples of models for G. palpalis
Robineau-Desvoidy and G. morsitans. Figure 2 shows the significant difference to the observed population changes made by applying a range of density-dependent mortalities to the G. palpalis model. Figure 3 illustrates the effect of density-independent 'bottlenecks' of different severities, operating only during the teneral stage of G. morsitans, on predicted changes in numbers of this species in the Yankari Game Reserve, Nigeria. None of the other formulations of this model, in which either density dependence or density independence operated equally on all adult stages, was able to give such a satisfactory fit to the observed data (136) .
Having earlier dismissed population movement as a factor considered by tsetse population modellers, it is important to realise that fly movement can be very extensive and there is now considerable evidence to suggest that it is density-dependent. G. palpalis populations in Côte d'Ivoire showed rates of population recovery (as estimated by trapping) after insecticide applications which were inversely related to population size and (at low density) far in excess of the reproductive capabilities of the populations concerned (122) . On a much shorter time scale, a similar effect was observed in female G. morsitans and both male and female G. pallidipes in Zimbabwe (168) . These results may be explained by invoking density-dependent regulation of adult fly populations via behavioural interactions.
Transmission coefficients from vertebrate to vector and vector to vertebrate
The transmission coefficient b is the proportional efficiency with which a single infected vector, taking a single blood meal, establishes an infection in a susceptible host, while the coefficient c is the analogous measure when a single uninfected fly takes a blood meal from an infected vertebrate. Very few attempts have been made to measure these coefficients directly, and the results are listed in Table I . Table I shows that the values of b increase, whilst the values of c tend to decrease in the sequence T. vivax, T. congolense, T. brucei, i.e. in the order of increasing complexity of the developmental pathways of the trypanosomes within the fly (T. vivax develops directly within the proboscis, T. congolense develops in the midgut and then moves up the gut to the proboscis, and T. brucei develops in the midgut and matures in the salivary glands after invasion from the gut or via the haemocoel). Younger flies are more easily infected with T. congolense than older flies, and this effect is even more pronounced in the case of T. brucei, where flies are almost refractory to infection after the very first blood meal (175) unless they are much older (41) or starved (42) (the figure in Table I refers to the first meal only; the average over several meals would be lower). In Table I , the values for most of the transmission coefficients are remarkably low in comparison with some tick-borne diseases, where coefficients may approach 1.0. Recent laboratory work on insects suggests that the values of the transmission coefficients reflect a balance of selective forces. Both mosquitoes and tsetse flies can be selected either for increased efficiency of transmission, or for refractoriness (84) . In the case of tsetse, susceptibility to T. brucei infection is maternally inherited and is apparently a function of the abundance of cytoplasmic rickettsia-like organisms, which appear to be universally present in many tsetse species. Flies are particularly susceptible to midgut infections with trypanosomes when abundant rickettsia-like organisms produce high concentrations of chitinase enzymes, reducing the concentration of midgut lectins in the flies through the generation of N-acetyl-D-glucosamine, a lectin inhibitor (94, 174) . Curiously, the maturation of these midgut infections to salivary gland forms requires different lectins, possibly of haemocoelic origin (85) , and is also sex-linked (46) . Recent work has shown that the rickettsia-like organisms are phylogenetically distinct from the midgut symbionts essential for blood meal digestion in tsetse, and from organisms, probably belonging to the genus Wolbachia, that are found in the ovaries (111).
Temperature is another factor affecting the infection rate of flies, especially with T. brucei. Fly puparia incubated at higher temperatures produce flies which are more easily infected than flies incubated at lower puparial temperatures (104, 173) , and this may explain a rough but significant correlation, first noted by Ford and Leggate (37) , between average fly population infection rates and either mean latitude south of the equator or mean environmental temperature.
Another obvious factor affecting the values of the transmission coefficients is the nature of the hosts and the parasites. The range of tolerance of domestic cattle to 
In all four models, the observed average monthly population count of flies is repeated four times, and model results (for puparia, teneral adults and mature adults) are super-imposed. For models b), c) and d), the outputs were scaled so that the maximum values equalled those observed. No other scaling was employed Population models for Glossina morsitans submorsitans in Yankari Game Reserve, Nigeria (136) This series of models uses the observed seasonal variation in adult density-independent mortality (as estimated by Moran curve analysis of the field data) and explores the impact of changing the mortality rate of the teneral flies.
For all models, the outputs were scaled so that the maximum values equalled those observed. No other scaling was employed c) Model as in a), but with teneral density-independent mortality set at twice that of the adults Population models for Glossina morsitans submorsitans in Yankari Game Reserve, Nigeria (136) This series of models uses the observed seasonal variation in adult density-independent mortality (as estimated by Moran curve analysis of the field data) and explores the impact of changing the mortality rate of the teneral flies.
For all models, the outputs were scaled so that the maximum values equalled those observed.
No other scaling was employed
Months e) Model as in a), but with teneral density-independent mortality set at four times that of the adults. Here, the additional mortality puts the population in long-term decline to extinction 
FIG. 3 (contd)
Population models for Glossina morsitans submorsitans in Yankari Game Reserve, Nigeria (136) This series of models uses the observed seasonal variation in adult density-independent mortality (as estimated by Moran curve analysis of the field data) and explores the impact of changing the mortality rate of the teneral flies.
For all models, the outputs were scaled so that the maximum values equalled those observed. No other scaling was employed trypanosome infection has already been mentioned, and this may well be associated with differences in transmission coefficients. In addition, sexual recombination between trypanosome strains occurs within the tsetse vectors, generating new varieties in species which are already antigenically complex (62) .
The demonstration that transmission coefficients which are normally low may be artificially selected to reach higher levels implies that infection of flies with trypanosomes necessarily entails some cost to the fly in terms of survival or reproductive output. Such penalties have rarely been investigated experimentally, and the evidence is somewhat equivocal (4, 82, 90, 106) . Another important observation is that laboratory maintenance of flies creates quite different sets of selective pressures from those operating in the field, and care should therefore be taken when using, in models or other calculations, estimates of transmission coefficients from tsetse stocks which have been kept for many generations in artificial laboratory conditions. Similar reservations must apply to the trypanosome stocks used in such experiments.
The importance of the transmission coefficients cannot be over-emphasised, despite the very small number of experiments which have attempted to measure these using stocks with minimal laboratory history. Trypanosome transmission is as sensitive to changes in these coefficients as to changes in the ratio of vectors to hosts, and both factors therefore merit equal study.
Fly mortality rates
The ways in which fly mortality rates affect tsetse population size are discussed above. These rates are also important in transmission dynamics, determining the fraction of newly-acquired infections in the fly population which will mature (i.e. will not be lost through premature fly death). The various means of estimating these rates are described below.
Direct estimation
The probability of adult fly death is independent of age for most realistic situations, and death therefore results from one of a number of hazards faced during everyday life. While it is possible to record the impact of particular sets of climatic conditions on fly survival both in the laboratory (16) and in the field (103), or to observe individual flies being captured by vertebrate (151) and invertebrate predators (66, 128) or hosts killing flies which attempt to feed on them (12, 44) , it is difficult to convert any of these observations into realistic estimates of the resultant population mortality rates.
Indirect estimation from changes in fly population size
Changes in relative fly population size (measured by fly-rounds or stationary traps) may be used to estimate population mortality rates operating from one sampling occasion to the next (variation in fertility rates will also contribute to changes, but these are thought to be much less pronounced than changes in mortality rate). One simple method uses the difference between the logarithmic values of populations in consecutive months. Fixed fertility and mortality rates operating on the population in the interval between the two sampling occasions will result in a constant difference between the two logarithmic measures of population size, and any net variation in these rates causes changes in the difference, which can then be used as a measure of change in net population loss (or gain) rates. This method can reveal striking seasonal differences in the effective density dependence operating on tsetse populations (140) . Both G. palpalis and G. morsitans populations in Nigeria showed greatest amounts of regulatory (i.e. density-dependent) mortality in the middle of the dry and wet seasons (December and July, respectively).
A variation of this approach draws on the experience of fisheries biologists who were the first to try to comprehend the dynamics of populations with overlapping generations and seasonal breeding (127) . This method, when modified and applied to tsetse, involves plotting the population density of flies in one month (on the y-axis) against the density in the previous month (on the x-axis), and then constructing a population growth curve which best describes the maximal change of population size from one month to the next over the period of observation. It is assumed that this curve describes the way in which populations would grow if constrained only by density-dependent factors, and that departures from this curve are the result of density-independent factors operating (in addition to the density-dependent factors) from one month to the next. At least several years' sampling data are required for this technique to work properly, and the logarithmic version of this plot (the Moran curve) may be used to make direct estimates of density-independent mortality rates in terms of /c-values (170) , which may later be related to environmental conditions (130) and used in constructing tsetse population models (136) .
With either of the above two methods, it is preferable to separate the population data for each sex, as mortality rates of males are generally higher than those of females.
Indirect estimation from changes in fly population age structure
Vertebrate and mosquito ecologists first developed techniques to calculate population mortality rates by analysing the age structure of the study populations. The assumptions involved, and some of the pitfalls to be avoided, are described by Caughley (17) and, for tsetse, by Van Sickle (169) . Female tsetse flies have two ovaries, each with two ovarioles, in which the eggs mature in a predictable sequence. On maturation, each egg ruptures the follicular stalk attaching it to the ovariole wall and passes into the uterus, where it hatches as a larva about halfway through the inter-larval period. The ruptured follicular stalk remains as an indication of a previous ovulation and can be seen under a dissection microscope. Only one follicular relict is visible in any one ovariole, regardless of how many eggs have been ovulated from it. The predictable sequence of ovulation, and the absence or presence of follicular relicts in the ovarioles, allow dissected females to be assigned to one of eight ovarian age categories: four unique categories (0,1,2 and 3) and four repeated categories (4+, 5+, 6+ and 7+). The relative frequencies of these categories in the sampled population enable an estimate to be made of the population mortality rate, assuming this to be constant throughout the lifetime of the oldest individuals in the sample (an unfortunate but unavoidable assumption) (141) . Studies on G. palpalis in West Africa showed a clear seasonal cycling of population mortality rates estimated in this way, and data from an extensive campaign of fly supression in 340 settlements and villages in the region demonstrated quite clearly that apparently 'similar' control efforts had spectacularly different impacts from one village to the next, as a result of the rather different ways in which flies lived in and around each village (122) . Even in villages where the control campaign was judged to have been successful (i.e. in which a significant reduction in fly numbers resulted from a dramatic increase in fly mortality rates), the impact of several cycles of aerial applications of deltamethrin and endosulfan in aerosol formulation on the target populations, and on their age structures, lasted for less than four months (122) .
Incubation period of trypanosomes within the tsetse vectors
The interval between the moment when an uninfected fly takes an infected blood meal and the stage when this fly is able to transmit mature trypanosomes to another host, varies between approximately 10 days (for T. vivax) and 25 days (for T. brucei). Therefore, fewer immature infections are lost in 71 vivax than in 71 brucei during development within the fly, and this factor helps to explain the much higher infection rates of tsetse with the former trypanosome species.
Rate of recovery of the vertebrate host from infection
This rate is the reciprocal of the average duration of infection in the vertebrate host and obviously varies from one host species to another. Even within host species, values for the duration of infection may vary by one order of magnitude (or more) (59) and this, at least in domestic animals, is related inter alia to the general condition of the individual host (i.e. whether the host is anaemic, infected with other parasite species, etc.) (158) .
The modelling of trypanosome transmission is complicated even further by the parasitaemic pattern within each host. Initially, after first infection of a previously uninfected host, blood parasitaemias may reach high levels. However, after the immune response develops in the host, high parasitaemias may become episodic or even absent. Hosts which are infected, but in which the blood parasitaemias are immeasurably small, may be rather poor sources of new fly infections, although they are not altogether ineffective, as these infections can sometimes be revealed by xeno-diagnosis (an important diagnostic tool).
Due to the enormous complexity of the transmission cycle of trypanosomes and the great variation in the fate of parasites within individual fly and vertebrate hosts, the general trypanosome transmission models referred to above have not been applied with any great success to any particular epidemiological or epizootiological situation. While it is possible to model the mean trypanosome prevalence within each of the components -the tsetse, the (generic) wild vertebrate and the human or domestic host (e.g. 135) -it has not proved possible to describe seasonal variation accurately. Especially in the case of trypanotolerant cattle, the time interval between the seasonal peak of tsetse numbers and the peak of animal infections is highly variable. In some cases, the animal infection peak appears to precede the tsetse population or challenge peak! Careful study of the seasonal grazing patterns of village-based cattle in The Gambia, and of their contact with populations of flies in patches of bush between grazing sites, suggests that fixed trap-based estimates of fly populations in such situations may provide only a poor measure of cattle biting rates (171) . Clearly, many research challenges still lie ahead. Figure 1 shows the need to define the local and regional distributional limits of the vector species and, together with equation 1, shows that vector abundance must also be predicted. Much progress has been made recently, with both grid-based sampling of tsetse populations and interpretation of the distributional data arising from these samples, using multivariate techniques such as linear discriminant analysis (145) . The idea underlying these analyses is that each tsetse species can be imagined to exist in an n-dimensional environmental 'space', where the axes represent variables such as temperature, relative humidity and rainfall. Geographical areas translate to different regions of this n-dimensional space, depending on the environmental conditions. Areas containing flies can be characterised within environmental space, by calculating the means and covariances of their environmental variables. Areas outside the range of the flies can be similarly characterised. Representative sets of data points drawn from tsetse and non-tsetse areas, used to calculate means and covariances, are called 'training sets'. When training sets have been selected, it is possible to predict the probability of any particular point in geographical space belonging to the groups of points characterising tsetse and non-tsetse areas (it is assumed any point must belong to one or the other of these groups). One of the outputs of the analysis is a map of the probability of suitability for flies of countries and geographical regions from which the training sets were drawn, and of countries with broadly similar climatic conditions, i.e. a 'risk map' for tsetse flies. There are several measures of the accuracy of such spatial predictions of distributions. These include the percentage of correct predictions of fly presence and absence, the percentage of false positives (i.e. a false prediction of fly presence) and false negatives (i.e. a false prediction of fly absence), and the sensitivity (ability to predict fly presence correctly) and specificity (ability to predict fly absence correctly) of the final map; each measure may be put to different uses. In general, there tend to be proportionately fewer false-negative than false-positive predictions, suggesting both that the technique appears to provide a good description of the observed distributions (i.e. does not often predict that flies are absent when, in fact, they are present) and that either the maps are incomplete descriptions of fly distribution (i.e. flies are present in some areas but have not yet been caught there) or the region contains areas suitable for, but presently uninhabited by the flies. The linear discriminant analysis approach to describing arthropod distributions has already been applied successfully to the analysis of the distribution of G. morsitans in Zimbabwe (with 85% correct predictions), of G morsitans and G. pallidipes in Kenya and Tanzania (84% and 79%, respectively), and of the tick Rhipicephalus appendiculatus Neumann in Zimbabwe (72%) and in Kenya and Tanzania (73%) (145) .
VARIATION IN SPACE

Tsetse flies in Togo
In recent years, the Projet Trypanosomose in Togo (GCP/TOG/013/BEL) has developed a country-wide, grid-based survey system at a resolution of 0.125°, and has sampled both the tsetse and the domestic animal populations. The project measured a number of important variables in each grid square (cattle numbers, blood packed-cell volume and infection rates; tsetse fly species and abundance as flies/trap/day). Because fly populations were estimated in a rolling sampling programme, it was necessary to adjust for seasonal differences between sampling occasions in the different grid squares, based on the monthly average tsetse populations across all grid squares for the region. This produced a seasonally-adjusted measure of fly abundance for each grid square. The analysis presented here is based on a logarithmic transformation of the abundance data (i.e. log. [numbers + 1], to avoid negative numbers).
Meteorological variables and altitude were later added to the Togo database using interpolations made from point data, and the level of agricultural activity in each grid square was read from a map of the agricultural sector of Togo (119) . In characterising the environmental conditions within each grid square, the analysis also made use of satellite-derived data on vegetation cover and rainfall. The 'normalised difference vegetation index' (NDVI) was originally suggested as a measure of photosynthetic activity in plants (159) , and is derived from readings from Channel 1 (visible red) and NDVIs have been related to plant biomass production in the Sahel (5), and are now routinely used for vegetation monitoring as part of famine early-warning systems (120) . Extreme NDVIs associated with high rainfall also coincided with outbreaks of Rift Valley fever in Kenya (80) . The further potential importance of NDVIs for vector studies was suggested by the demonstration of correlations of NDVIs throughout Africa with rainfall and saturation deficit (144) , two variables to which tsetse are particularly sensitive. This study also showed correlations of NDVI with tsetse fly mortality rates in West and East Africa, fly abundance in an area of approximately 140,000 km 2 in Côte d'Ivoire and fly size (a correlate of fly mortality rate) across a 700 km transect running approximately North/South in West Africa. Further studies revealed correlations of NDVI with both the incidence and the prevalence of human trypanosomiasis in Kenya and Uganda (137) .
For the present study, NDVIs for Togo for 1989 and 1990 were made available by the Food and Agriculture Organisation of the United Nations (FAO) ARTEMIS programme, in the form of ten-day maximum value composites (the product of amalgamating a series of images taken over a ten-day period and eliminating the effect of cloud cover, by selecting for each pixel the maximum NDVI recorded in that time) at a spatial resolution of approximately 8 km. These ten-day composites were further processed to provide monthly composites, and information was extracted from these for each of the approximately 14 x 14 km grid squares of the Togo data set. This involved centering a 2 x 2 pixel array as nearly as possible on the centre of each grid square; this array was then averaged, and from these averages were calculated the monthly mean, maximum and minimum values for the year. At a later stage, the monthly composite images for Togo for the period 1987-1989, at approximately 8 km spatial resolution, were processed using temporal Fourier analysis (147) . This analysis effectively describes the vegetation 'signal' from each site as a series of sinusoidal curves of vegetation activity with frequencies of one to six cycles per year. The annual cycle tends to dominate in most areas, with the bi-annual cycle (i.e. with a period of six months) being an important modulator in many areas, and the tri-annual cycle (period of four months) providing a final adjustment of occasional importance. Cycles at higher frequency are usually ignored, as they appear to contribute very little to the description of the data. Previous work has shown how Fourier-analysed NDVI may be used to investigate ecological patterns and processes in unique and valuable ways. For example, the amplitude of the first Fourier 'component' (describing the annual cycle of vegetation activity) was shown to be very high in regions of deciduous savannah woodland throughout Africa, and hence to correlate well with the distribution of G.
morsitans, which essentially inhabits savannah areas (147) . The outputs from Fourier analysis used in the present study were the mean value, amplitude and phase (i.e. seasonal timing) of each of the annual, bi-annual and tri-annual cycles. These outputs were stored in the form of data layers and were sampled in the same way as the NDVI images, to yield average values for each of the Togo study grid squares.
In recent years, images derived from the geo-stationary weather satellite METEOSAT have also been processed to provide information on the frequency and duration of cold-cloud cover in various parts of the world. Studies in West Africa have shown that the abundance of clouds with cloud-top temperatures of between -30 °C and -60°C or less (varying seasonally and latitudinally) is correlated with rainfall at ground level (149) . Average monthly 'cold-cloud duration' images from the FAO ARTEMIS programme for the period 1989-1990 were sampled to give monthly mean, maximum and minimum values for inclusion in the analyses. Later, a set of monthly images averaged over the period 1988-1992 were processed in the same way as the NDVI images, and provided further variables for analysing the Togo fly data.
When all the data for each of the grid squares were available, these were analysed by a variety of methods. Fly distribution was analysed using step-wise linear discriminant analysis, in which each predictor variable was entered into the analysis in turn, and the discriminating power (i.e. ability to distinguish tsetse and non-tsetse areas) tested by calculating the resulting 'Mahalanobis distance' (a covariance-adjusted measure of separation in multivariate space) between the tsetse and non-tsetse area data; with the first variable, this test reduces to a simple comparison between variance-adjusted means [readers are referred to the work by Green (51) which provides further details]. At each stage, the variable resulting in the greatest Mahalanobis distance between training sample centroids was selected for inclusion in the next round of analysis. No more than ten variables were selected for each fly species (from a total of more than 25 in the database) and, when distribution predictions were made, it was usually found that the first four or five variables performed almost as well as all ten. As there was a total of only 311 grid squares in the Togo data set, all of these were used as training set data.
When the variables had been selected in order of their importance, it was possible to produce maps predicting the probability of fly occurrence in each grid square (or, strictly speaking, the probability that each grid square belonged to the group of squares characterising fly presence, based on its environmental and other characteristics). These probability maps were based on from one to ten variables, and the progressive improvement of the fit of the map to the original data was assessed as described above. As the Mahalanobis distance provides a measure of separation of tsetse and non-tsetse areas in multivariate (not geographical) space, it cannot be guaranteed that the order of variables determined in the training exercise will lead to incremental improvement of the predicted maps. In general, however, there is an excellent correspondence between the aspatial training exercise and the resulting spatial predictions.
A variation on the above approach was introduced when it was appreciated that within Togo there is a fairly sharp division between the drier northern areas and the more humid southern areas. This led to separate analyses on either side of a dividing line shown in Figure 4 .
Fly abundance in Togo (i.e. flies per trap per day) was initially analysed using step wise multiple regression methods. While the broad patterns of fly distribution were captured by the final regressions, the extremes (both high and low) were only poorly described; this problem is common to all linear regression methods, as extreme values tend to be outliers from the regression line or plane. Instead of applying regression analysis therefore, the linear discriminant analysis program was modified to describe the abundance data as a series of abundance classes, each with approximately equal numbers of observations. During the training exercise, the predictor variables were tested and included in a step-wise fashion, as before. The criterion for inclusion was the incremental value of the summed Mahalanobis distances for all abundance categories (the 'Mahalanobis index'). Once again, the predictions arising from this training exercise could include any number of the variables which were identified as important, and the progressive improvements in the description of the original data could then be assessed.
Analyses of the distribution in Togo of five species of tsetse -namely G.
tachinoides, G. palpalis, G. morsitans, G. fusca Walker and G. longipalpis Wiedemann -are shown in Figure 4 . The predictor variables used in each and their order of importance in making the predictions are given in Table II , together with figures for the accuracy of the predictions. Analyses of the logarithmic abundance of two of the species, G. palpalis and G. tachinoides, are shown in Figure 5 , and details are given in Table III . Here, the accuracy of prediction is assessed as the percentage of each abundance class which is correctly identified by the discriminant analysis exercise. As abundance classes are somewhat arbitrarily defined during analysis (i.e. chosen to give equal sample sizes), a further measure of accuracy was employed, namely the percentage of predictions which were correct to plus or minus one abundance class. This last measure, also given in Table III , shows how many 'near misses' were made when predicting fly abundance. Figure 4 and Table II show that fly distributions are predicted with accuracies (percentage of correct figures) of between 72% (G. palpalis and G. tachinoides) and 98% (G. fusca), with sensitivities of between 56% (G. morsitans) and 76% (G. palpalis) and specificities of between 70% (G. palpalis) and 99% (G. fusca). In general, species with more restricted distributions are better described than more widespread species. The distribution of G. tachinoides was the most difficult to describe accurately. This species extends far south of the southerly limit shown in the map given by Ford and Katondo (38) , and its range has also recently extended southwards elsewhere in West Africa, as droughts have become more frequent. G. tachinoides is also the only one of the five species in which separate fitting of the fly distributions in the north and south of FIG. 4 Results of applying discriminant analysis to the distribution of five species of tsetse flies (Glossina spp.) in Togo, using the ten most important predictor variables for each, from a total of 25 available variables The output of the analysis is the probability of occurrence of each species in each of the 311 grid squares, and these probabilities are shaded according to the key shown. The recorded distributions are also indicated. A few grid squares have yet to be surveyed (see text and Table II 
TABLE III
Percentage accuracy of predictions of abundance for Glossina palpalis and Glossina tachinoides in Togo Accuracy is given after fitting the prediction to observed abundance, using 1,5 or 10 predictor variables. Predictor variables, in estimated order of importance, were as follows (see Table II Results of applying discriminant analysis to the abundance data for Glossina palpalis and G. tachinoides in Togo (see Tables III and IV the country leads to an overall improvement in the predicted distribution; for the other species, there is an improvement in one area but a worsening fit in the other area, so the overall results are no better. Table II suggests that a different mixture of the groundbased and satellite-derived measurements of climate or habitat is important for each species. Too much emphasis should not be placed on the precise ordering shown in Table II , however, as many of the variables are correlated with each other, and therefore may substitute for each other in the listings shown. Approximately one quarter (6/25) of the variables available to the analysis were derived from ground-based measurements and the same proportion (12/50) appeared in the list of important variables. This suggests that the remaining, satellite-derived variables predict tsetse distribution just as accurately as the more traditional meteorological and other variables measured at ground level. Figure 5 and Table III show that the abundance classes of G. palpalis and G. tachinoides can be predicted with an accuracy of 47-83%. Taking account of 'near misses' (i.e. categories either side of the predicted category), these figures rise to 84-100%. The maps show once again that G. tachinoides in the south of Togo presents the more difficult challenge to the analysis. Finally Table IV shows the average values of all ten of the predictor variables for each abundance category of G. tachinoides, to demonstrate the small differences often seen between the mean values of the predictor variable for each category of presence/absence or abundance. Table IV shows that the first category, zero fly abundance, tends to be more distinct from the other categories than these are from each other, but even in this case the differences are not large. This suggests that fly distributions are very sensitive to subtle changes in the natural environment, and that continuous monitoring is required, especially at the edges of tsetse distributions which are likely to change rapidly, even before environmental change is appreciated.
VARIATION IN TIME
While rapid progress has been made recently in understanding the spatial distribution of tsetse and trypanosomiasis in Africa, the understanding of temporal variation in disease risk is still poor. The annual variation of fly numbers with the seasons is well appreciated, but the way in which this translates to seasonal variation of trypanosomiasis risk is unclear. Variations of tsetse populations and disease prevalence on longer time scales are only rarely recorded and even more rarely analysed. Longterm records of the abundance of G. swynnertoni Austen in Tanzania suggest that interannual variation in both rainfall and temperature affects fly abundance (32) and, in the same region, the numbers of cases of human sleeping sickness can be related to interannual variation in rainfall levels for part of the period 1922-1980 (146).
The epidemic nature of human sleeping sickness in East Africa is open to a number of interpretations, involving factors ranging from genetic mutation or re-arrangement in the trypanosome parasites to the whims of explorers or dictators who, by their actions, have introduced either old strains of trypanosomes into new areas or non-immune human populations into ancient foci of trypanosome transmission (146) . There is little evidence for similar epizootics of trypanosomiasis among either wild animals or cattle, and, indeed, theoretical reasons suggesting why this should be so (135) . The widespread nature of cattle trypanosomiasis (arising from the high basic reproductive number of this disease) ensures that most animals are infected at an early age and thus they either die or develop a certain degree of protective immunity. Less widespread diseases such as
TABLE IV
Mean values of the predictor variables for the five abundance classes of Glossina tachinoides in Togo (See Table II for key to variable names and Table III human sleeping sickness (with low reproductive numbers) are much less prevalent and hosts (in this case human beings) can therefore build up large populations of susceptible individuals before the disease is able to take hold and spread during epidemic outbreaks. Between outbreaks, the disease persists in a very small proportion of individuals, or in a non-human reservoir.
TSETSE CONTROL
With a few notable exceptions, the history of tsetse control in Africa is a record of increasing sophistication of the methodology, increasingly targeted specifically at tsetse. General methods of tsetse control are published by the FAO (34, 35) , specific case studies are described by Jordan (63) and more recent articles have reviewed insecticides (1), traps (78), traps and screens (2), and baits (both visual and olfactory) (50, 76) . A review of the control of trypanosomiasis from a veterinary perspective is given by Murray et al. (100) .
To be effective, each method of tsetse and trypanosomiasis control must affect one or other of the parameters or variables of equation 1. Tsetse control affects both fly numbers and fly mortality rates, and the duration and degree of impact determine the amount of suppression achieved. The initial attraction of residual insecticides applied throughout the tsetse habitat -their persistence long after spray teams or aeroplanes had departed -is now regarded as an environmentally harmful consequence of tsetse control. Despite the lack of hard evidence, it is judged that the damage inflicted outweighs the obvious benefits of residual sprays (it should be noted that the amounts of persistent insecticides used for tsetse control are only a fraction of the amounts applied to crops such as cotton). Two major developments arose from the criticisms of these early attempts at large-area fly eradication. The first was the deployment of less environmentally-harmful chemicals, such as the synthetic pyrethroids, often in aerosol formulations. Aerosols affect fly mortality rates for a limited period of time only, and must therefore be applied several times to be effective against flies that are in the puparial stages during the early applications (at any time, the number of puparia present in the soil is approximately equal to the number of adult tsetse in the air, as shown in Figures 2 and 3 ). This undoubtedly increases costs without obviously increasing benefits. The second major development involved the use of traps and target screens for fly control (69) . When supplemented with appropriate odours, both impregnated and non-impregnated traps and insecticide-impregnated screens achieve remarkable reductions of fly populations, usually within the space of less than a year. Table V provides details of some recent examples. As the insecticides are localised in the environment, these may be applied to the targets at high doses, and may thus remain active for many months. The addition of ultraviolet inhibitors to treated material further prolongs the action of the insecticides. The fact that screens and traps can be tailored to be especially attractive to tsetse rather than to other invertebrates makes this form of tsetse control both precisely targeted and environmentally acceptable. The same traps or targets (untreated with insecticides) may also be used to deliver doses of chemosterilants or insect hormone mimics which interfere with the normal development of tsetse. These chemicals are picked up by flies visiting the targets and are later transferred to other tsetse during mating (56, 72, 73) .
The rapid development of tsetse control methods in recent years has partly obscured the objectives of the control programmes in which they are used. Long-term fly eradication has been achieved in very few areas in Africa, most notably in northern Nigeria. It has been argued elsewhere (130) that this part of Nigeria is quite close to the distributional limits of tsetse in West Africa and therefore that fly suppression and eradication were therefore relatively easy in an ecological (but not logistical) sense. The increasing impact of humans in the north of Nigeria (undoubtedly exacerbated by severe droughts) has maintained eradication through the progressive elimination of the vegetation cover on which flies depend. In the absence of this 'agricultural prophylaxis' (36) it is quite possible that flies would have re-invaded the cleared areas from the south, where they still occur. Re-invasion is a persistent problem elsewhere, where local eradication has been claimed, but where more extensive areas cannot be cleared for logistical or political reasons (e.g. Zimbabwe).
The response to the re-invasion problem is two-fold. Firstly, fly-proof barriers are erected to protect the cleared areas. In this scheme, the cleared areas themselves are no longer protected by other means, as maintenance of eradication is believed to be possible using barriers alone. The second response accepts that re-invasion is an almost inevitable phenomenon, thus requiring continual suppression within the protected area. Under this scheme, targets and/or traps are permanently deployed both within and around the edge of the protected area, and these must therefore be maintained on a permanent basis.
In recent years, the acceptance that eradication is rarely achieved, or permanently maintained, has led to a re-examination of the role of hard-pressed governments in tsetse control; in many areas, this has involved effective privatisation of control activities. Privatisation usually passes under the guise of community participation schemes, where the local population is responsible (and in some cases actually pays) for the traps or targets in the area. The greatest progress in community schemes has been made by the poorest countries of Africa (or by the poorest areas in richer countries), where the option of government support is not available (30, 76, 77, 107) . A notable feature of such schemes is that they do not occur spontaneously, but arise only through the long-term dedication of one individual or a very small group of research workers becoming involved in the problems of the local community. Whether the schemes will remain effective when the initiators have withdrawn remains to be seen (75) . These examples of community participation schemes provide an opportunity for governments to devolve responsibility for tsetse control to those most affected by trypanosomiasis. However, effecting this change without totally abandoning peasant farmers to their fate remains a challenge. Regardless of the success of a community participation scheme, the community is unlikely to be sufficiently motivated to erect and maintain any protective barriers around a protected area. This will remain the responsibility of government services, which should not only monitor the success of each scheme but also select sites and erect barriers which most efficiently prevent re-invasion.
A further problem arises when responsibility for chemotherapy and chemoprophylaxis of cattle trypanosomiasis passes from the government to the private sector. Drug-resistant strains of trypanosomes are an increasingly widespread consequence of unregulated drug use.
Devolution of tsetse and trypanosomiasis control to individuals gradually favours new alternatives to traditional approaches. One of these is the use of 'pour-on' insecticides/acaricides applied directly to individual livestock animals. In the short term, these chemicals repel or kill flies attempting to feed on the treated animals, and in the long-term they reduce the fly population (6, 89, 154, 155) . It may not be necessary to apply the pour-on to all animals in a herd. The readiness of the individual cattle-owner to invest in control must determine the level of control used (perhaps varying seasonally with trypanosomiasis risk).
The examples in Table V show that almost all possible forms of tsetse control have been used in recent years. Although the frequency of aerial applications of insecticides has fallen considerably (see Fig. 4 presented by Vale [165] ), there are still some situations (e.g. epidemic outbreaks of human sleeping sickness) where aerial applications have been the only means to reduce transmission quickly and effectively (65) .
Understanding of the limits to tsetse distribution in Africa derived from the application of the methods described in this paper may also be used to 'tailor' fly control schemes to local conditions. As shown by the example of northern Nigeria, there will be some areas where only a small degree of control may be sufficient to limit fly numbers. In such areas, less than the presently recommended density of four screens or targets per square kilometre will be required against morsitans group species. Elsewhere, especially in areas where the flies obviously thrive (e.g. the Lambwe Valley in Kenya), more than the recommended target density will be required to reduce populations quickly. Another useful insight from the mapping exercise is the identification of areas which are apparently suitable for tsetse but which do not presently contain flies. These areas should be carefully surveyed, using modern methods incorporating bait technology, to confirm the absence of flies, and these areas should also be considered when barrier lines are being set out, as they may act as invasion corridors along which flies could move to re-occupy cleared areas.
CONCLUSION
Trypanosomiasis remains a threat to human and animal health and welfare in Africa. Much of the present poor performance of the agricultural sector can be attributed to the ever-present threat of animal trypanosomiasis inmost of tropical Africa. Unfortunately, one of the solutions to the problem of poor agricultural production -an increase in the volume of livestock for milk, meat, manuring and draught power -is also often seen as part of the problem. In the past, livestock herds have been accused of causing displacement of settled arable farmers, land degradation and desertification. Livestock projects in Africa have met with so little economic success in the past that few are contemplated for the future.
These problems need to be re-addressed urgently. Careful field surveys over 1.5 million km 2 of Africa show that cattle herds belonging to nomadic pastoralists are associated with both habitation density and the percentage of land used for cultivation at all levels of rainfall (178) . Far from competing with settled agriculturalists, cattle appear to be an integral part of the way in which humans survive in such marginal areas. Debate on the question of whether drought or cattle cause land degradation has recently been reanimated (58, 60, 179) . Both sets of correspondents in this exchange have made pleas for a better understanding of the ecosystem dynamics of the areas where cattle are traditionally kept. No consensus exists among active field workers on the relationship between climate, vegetation, cattle and human populations in Africa.
Tsetse flies undoubtedly play an important role in determining the present distribution of cattle in Africa. The impact of flies is obviously changing, however, as humans change their own natural environments. On the one hand, population pressure on already occupied land is pushing humans and domestic animals towards marginal areas, many of which are threatened by tsetse and trypanosomiasis; in the short term, disease risk will increase. On the other hand, the same population pressure is changing land-cover types, thereby reducing tsetse abundance; in the longer term, disease risk will decrease. Therefore, one certain prediction for the future is that occurrence of trypanosomiasis will change in both space and time in Africa. There is an urgent need to monitor these changes and alleviate their harmful effects. Careful, standardised data collection (as shown by the project in Togo) and sound interpretation should reveal the processes causing change. Rational resource management could then be implemented by exploring alternative developmental scenarios within predictive models of environmental development. Clearly, these models will be several orders of magnitude more complex than those for trypanosomiasis transmission or for tsetse fly populations, but the underlying principles remain the same: to describe the past, to explain this in terms of quantifiable processes and thence to predict the future. Neither the past nor the future is best served by misunderstanding or by ignorance. 
